






CONTROLLING STRUCTURE AND COMPOSITION IN  
DOUBLE-HETEROJUNCTION NANORODS FOR  


















Submitted in partial fulfillment of the requirements 
for the degree of Master of Science in Materials Science and Engineering 
in the Graduate College of the  

















Limitations of colloidal semiconductor double-heterojunction nanorods reported thus far 
are low photoluminescence quantum yield, low color purity owing to wide size distribution, and 
emission over a narrow range of energies in the visible spectrum. Here we report alterations to 
the synthetic route which result in a narrow size and morphological distribution of CdS nanorod 
seeds tunable over a range of lengths from 10 – 50 nm and quantum-confined bandgaps between 
2.62 – 2.78 eV. Variously sized CdS seeds are then used to investigate the effects of the rate of 
Zn-Oleate etching and of the rate and amount of ZnSe growth on DHNR morphology and optical 
properties. Structure and composition are investigated by TEM. Each are shown to depend 
sensitively on the synthetic route. We ultimately demonstrate DHNR with emission wavelength 
tunable between 2.04 - 2.16 eV, photoluminescence quantum yield up to 68%, and full width at 
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INTRODUCTION TO ANISOTROPIC NANOPARTICLES 
The burgeoning field of colloidal semiconductor nanoparticles holds promise for 
technology with improved efficacy and novel functionality, and requires new theories to describe 
its mechanisms and new techniques to exploit them. Over the past few decades, optoelectronic 
devices and their constituent materials have shrunk by orders of magnitude, opening new 
opportunities to control quantum confinement and charge transport via epitaxial heterostructures. 
It is furthermore desirable to produce such devices en masse, utilizing self-assembly at the 
molecular and colloidal scale via wet chemistry to create solution-processable electronics. Out of 
the original development of quantum dots, a myriad of new structures and synthetic routes have 
arisen, with nearly limitless variation in composition, size, and shape, and especially in 
combinations thereof. It is the objective of this thesis to describe variations in the synthetic route 
towards one particular structure with the goal of improving photoluminescence quantum yield 
and tuning emission color, and to gain deeper understanding of the chemistry of nanoparticle 
heterostructures in general.  
Quantum confinement is a phenomenon which occurs in semiconductor structures with at 
least one dimension smaller than the exciton Bohr radius of the material. While micro- and 
macro-scale semiconductors have bulk electronic properties derived from a nearly infinite 
internally repeating crystal structure compared to their relatively small surface area, nano-scale 
semiconductors can have electronic properties which significantly diverge from their bulk value. 
Materials with a small carrier effective mass and correspondingly large exciton Bohr radius are 
particularly of interest because it is synthetically easier to reach their quantum confined regime 
and to tune their band gap more widely within it through slight variations in size. Metal 
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chalcogenides were among the first materials selected to form colloidal quantum dots due to their 
low effective electron masses and relatively simple chemistry as binary compounds. With regard 
to active components, CdSe has since seen widespread academic interest as an emitter over the 
entire visible spectrum and has been incorporated into fluorescent and, more recently, 
electroluminescent devices. PbS has likewise seen use in photodetectors and photovoltaics with 
its ability to reach the Shockley-Queisser limit in the quantum confined regime despite its 
significantly smaller bulk band gap. 
While the ability to synthesize single-phase materials with controlled size at the nano-
scale is impressive, electronic devices often demand the use of heterostructures to provide rich 
functionality. Those of particular interest in optoelectronic devices include type-I heterojunctions 
which provide surface passivation on smaller-bandgap active cores and help to localize excitons 
to enhance radiative recombination. Type-II heterojunctions are the basis of diodes, and in 
optoelectronics are beneficial for efficient charge recombination in light-emitting diodes (LEDs) 
and charge separation in photovoltaics. Because competing recombination processes can occur 
critically on sub-nanosecond, sometimes sub-picosecond, time scales, the surrounding region 
must be carefully controlled to avoid undesirable fast recombination at mid-gap trap sites which 
will waste the energy of injected charges and reduce quantum efficiency. 
In addition to quantum dots, a range of structures exist such as plates and rods which can 
be described as nanoparticles with a mixed degree of quantum confinement along different 
directions. Such anisotropic geometries are of interest in the synthesis of nanoparticle 
heterostructures because exposed crystal facets of differing surface energy can be used to 
selectively grow components of different compositions. This allows the construction of novel 
structures such as nanorod heterostructures [1-3], barbells [4], or after growing a third shell 
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component, double-heterojunction nanorods [5]. Ensembles of such anisotropic nanoparticles can 
assemble into super-lattices with novel macro-scale properties such as polarized emission [3] and 
enhanced light outcoupling in devices [6]. In addition, a nanoparticle whose surface composition 
varies in space can interact richly with its environment both electronically and chemically. This 
asymmetry in double-heterojunction nanorods can enhance spatially selective charge carrier 
manipulation [7,8] in devices and create new functionality such as bi-directional displays [9]. 
However, it can also lead to complex and competing chemical interactions to arise in the course 
of synthesis [10]. The selection and concentrations of precursors, solvent, and ligand play 
influential roles in the synthesis of nanocrystals, and the time scales over which competing 
reactions are allowed to occur give rise to products with a diverse range of optoelectronic 
properties.  
Established II-VI Double Heterojunction Nanorods 
Double-heterojunction nanorods (DHNRs) with CdS/CdSe/ZnSe (rod/tip/shell) 
composition have recently been developed [5,10] and employed in optoelectronic devices [6-9]. 
As shown in figure 1.1, DHNRs consist of a CdS nanorod seed with barbell-like CdSe tips which 
are coated in a shell of ZnSe. At the nanoparticle level, CdSe forms an emitting core while both 
CdS and ZnSe form type-I heterojunctions with CdSe, passivating its surface and confining the 
exciton locally within each nanoparticle. The wurtzite crystal structure of each component allows 
growth to proceed selectively on the tips of each nanorod. Temperature quenching or chemical 
purification is used to terminate each reaction, while the sequential addition of different 
precursors allows the formation of the double-heterojunction via a solution process. 
Experimental details of currently established synthesis of CdS/CdSe/ZnSe DHNRs are 




Figure 1.1: Energy band diagram and geometric structure of a DHNR consisting of 
CdS/CdSe/ZnSe (reproduced from reference 5). 
LEDs employing thin film of DHNRs as the emissive layer are technologically promising 
due to their ability to operate with competitive external quantum efficiency at much higher 
brightness than quantum dot LEDs of the similar composition [6,7], and to retain this efficiency 
for a longer device lifetime due to the ability to operate at low driving voltages [8]. In addition, 
DHNR LEDs offer surprising novel functionality such as the ability to alternately perform 
photodetection in the same device architecture as light emission [9]. From the initial synthetic 
route [5], complications have been identified [10] which signify opportunities to improve on 
existing schemes and to develop new product nanoparticles with different and improved 
performance. 
CdS is homogeneously nucleated in suspension under the conditions of high 
concentration and high temperature. Ideally, trioctylphosphine sulfide (TOP-S) and cadmium 
octadecylphosphonate (Cd-ODPA) are sufficiently consumed during the quench from the 
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nucleation temperature of 370°C to the growth temperature of 330°C such that continued 
homogeneous nucleation is prevented and growth of existing particles occurs as a result of the 
reaction of remaining molecular precursors rather than via Ostwald ripening. Phosphonic acids 
such as ODPA are used to solvate the cation and to promote 1-dimensional growth of nanorods 
as opposed to 0-dimensional dots. An increase in absorbance, redshift of the band edge 
absorption, and decrease in photoluminescence (PL) intensity occur over the course of CdS 
growth due to the increasing diameter of the nanocrystals as shown in figure 1.2. 
 
Figure 1.2: Absorbance and photoluminescence profiles of CdS nanorods as a function of 
growth time at 330°C. Photoluminescence is collected by excitation at 380 nm and normalized to 
the absorbance at the excitation wavelength. 
When TOP-Se is added slowly to the solution of Cd-ODPA and CdS at 250°C, CdSe 
heterogeneously nucleates on the tips of CdS nanorods as shown in figure 1.3. The CdS/CdSe 
interface is a type-I heterojunction and excitons generated in CdS are transferred to CdSe which 
















the CdS nanorod diameter is preserved. Therefore, the quantum confined emission of CdS/CdSe 
heterostructures is determined by the CdS seed diameter as long as the length of the CdSe unit is 
larger than the diameter. 
       
Figure 1.3: Transmission electron microscope (TEM) images of CdS nanorods and CdS/CdSe 
nanorod heterostructures. 
Compound Wurtzite a (Å) Wurtzite c (Å) 
ZnSe 3.98 6.53 
CdS 4.135 6.749 
CdSe 4.30 7.02 
 











ZnSe growth initiates at the tips of the CdS/CdSe nanorods on the close-packed wurtzite 
(001) where it has 8% lattice mismatch with CdSe, and on the side facets of the CdS where it has 
3.4% lattice mismatch with CdS. While the electron wavefunction is distributed over the CdS 
and CdSe, redshift of the bandgap may occur due to penetration of the electron wavefunction 
into ZnSe and delocalization of the hole wavefunction over CdSe and ZnSe. As shown in figures 
1.4 and 1.5, as ZnSe growth proceeds, photoluminescence quantum yield (PLQY) of the CdSe 
increases due to passivation of surface defects and confinement of the exciton due to the 
formation of a type-I heterojunction. As shown in figure 1.4 continued ZnSe growth results in 
diminishing improvement to PLQY and blueshift likely due to either alloying of CdSe to wider-
bandgap CdxZn1-xSe
 [2], compressive strain on the CdSe core [11], or type-II emission between 
CdS and ZnSe [12,13]. 
While it is difficult to determine the local composition along the CdS/CdSe nanorod from 
lattice fringes alone after growing a ZnSe shell, the protrusions along the sides of the CdS 
portion might be expected to match the lattice constant of ZnSe. However, a range of wurtzite c 
parameters are observed by high resolution transmission electron microscopy (HRTEM) between 
6.34 Å and 6.96 Å on the side facet protrusions. Since ZnSe straining to accommodate the CdS 
lattice should expand its lattice to at most 6.75 Å, it is likely that CdSe or a CdxZn1-xSe alloy 
grows instead of pure ZnSe. Substitutional defects and the less confining type-I heterojunction 
formed by a smaller-bandgap alloy compared to pure ZnSe may limit PL and the established 
procedure has thus far yielded DHNRs with PLQY <50%. This motivates a study of ZnSe shell 
growth with the goal of increasing the PLQY of DHNRs to levels comparable to well-established 




Figure 1.4: Absorbance and PL of DHNR as a function of ZnSe growth time at 300°C. 
Photoluminescence is collected by excitation at 380nm or 443 nm for CdS/CdSe and DHNRs 
respectively and normalized to the absorbance at the excitation wavelength. 






























           
Figure 1.5: TEM micrographs of DHNRs during ZnSe growth immediately after complete TOP-
Se injection and after various annealing times at 300°C. All scale bars are 20nm. 
  
0 minutes 0 minutes 
5 minutes 5 minutes 




Octadecylphosphonic acid (ODPA) was procured from PCI, and all other chemicals were 
procured from Sigma Aldrich and used without further purification. 1 M trioctylphosphine 
sulfide (TOP-S) and trioctylphosphine selenide (TOP-Se) stock solutions were obtained by 
transferring sulfur (99.998%) or selenium (99.99%) powder into a nitrogen glovebox, adding 
trioctylphosphine (97%), and agitating for 20 minutes, after which they were stored under inert 
atmosphere.  
CdS/CdSe/ZnSe DHNRs were synthesized similarly to a previously published procedure5 
using standard Schlenck line technique. The seed reaction mixture containing 1 mmol cadmium 
oxide (CdO, ~1 μm powder, 99.5%)), 2 mmol ODPA, and 4 g trioctylphosphine oxide (TOPO, 
90%) was degassed at 150oC under vacuum for 1 hour. Subsequently the brown mixture was 
heated to 350oC under flowing nitrogen and allowed to dissolve, forming a clear solution within 
1 hour. The temperature was then raised to 370oC and 1.5 ml of 0.33 M TOP-S was swiftly 
injected, quenching the temperature to 330C where the temperature was maintained for 15 
minutes to form yellow CdS. The temperature was then reduced to 250C and 1 ml of 0.25 M 
TOP-Se was injected at a rate of 4 ml/hour. After injection of TOP-Se was complete, the mixture 
was annealed for 10 minutes at 250C to form red CdS/CdSe. The heating mantle was then 
removed and the product cooled to 100C upon which 8ml of toluene was added to prevent 
gelation. The mixture was then purified via the addition of 4 ml methanol followed by 
centrifugation at 6000rpm for 2 minutes. The supernatant was then discarded and the pellet 
resuspended in chloroform. 
The shell reaction mixture containing 2 mmol zinc acetate (Zn(Ac)2, 99.99%), 8 mmol 
oleic acid (OA, 90%), and 12 ml octadecene (ODE, 90%) was degassed at 100C under vacuum 
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for 1 hour. Subsequently the clear mixture was heated to 250C under flowing nitrogen and 
allowed to dissolve for 1 hour. The temperature was then reduced to 60C and the CdS/CdSe 
nanocrystal seeds in chloroform were added. Volatile solvents were removed from the mixture 
by degassing under vacuum for 30 minutes at 100C. The temperature was then raised to 300C at 
20C/minute under flowing nitrogen and 2 ml 0.25 M TOP-Se was injected at a rate of 20 ml/hour 
starting at 180C and ending at 300C. The mixture was kept at 300C for 2 minutes to form 
CdS/CdSe/ZnSe DHNRs then cooled to room temperature and stored in air for later use. 
Aliquots of the reaction mixture were taken at various stages of synthesis and dissolved 
in toluene. Absorbance and photoluminescence measurements were taken without further 
purification. Optical properties were not found to significantly change upon purification except 
for a decrease in photoluminescence quantum yield. Photoluminescence quantum yield (PLQY) 
was determined by measuring each sample approximately 24 hours after the aliquot was taken, 
and calculated either relative to DCM (Exciton Inc.) or as determined by absolute PLQY 
measured using an integrating sphere. PLQY of the suspensions was not found to differ between 
the use of either technique. Samples for transmission electron microscopy were prepared by 
purifying the same aliquots with toluene and methanol, resuspending in toluene, and depositing 
on amorphous carbon / copper mesh grids. Transmission electron micrographs were acquired 
using the JEOL 2100 Cryo TEM and JEOL 2010 LaB6 TEM located at the Frederick Seitz 






SYNTHESIS OF HOMOGENEOUS CADMIUM SULFIDE NANORODS 
 OF VARYING SIZE 
 
 
One challenge in nanoparticle synthesis is ensuring a narrow distribution of size and 
morphology of the final product. This is particularly crucial in optoelectronic applications 
because the size of a quantum-confined nanoparticle determines its bandgap, and narrow 
emission linewidth is desirable in display applications for high color purity. In the case of 
DHNRs, it is also desirable for all product particles to be rods as opposed to dots or multipods 
because in addition to having different and undesirable optical and electronic properties, such 
morphologies interfere with the arrangement/orientation of nanorods within the thin film 
necessary for LED and related applications. Hence, a tight control over the size and shape 
distribution of the initial seed CdS nanorods is particularly important and will significantly affect 
the final DHNRs, motivating a deeper investigation and optimization of established CdS nanorod 
synthesis. 
 In the literature, the influence of the cadmium ligand complex on CdS and CdSe 
nanoparticle size and morphology has been primarily explored. Phosphonic acids have been 
shown to promote the synthesis of rods over dots [14], and the alkyl chain length of the 
phosphonic acid used has been shown to influence both morphology and size of product 
nanoparticles [15,16]. In particular, short-chain phosphonic acids such as methylphosphonic acid 
were shown to enhance fast 1-dimensional growth of nanorods due to their low chemical stability 
in solution compared to long-chain phosphonic acids such as octadecylphosphonic acid. 
However, because phosphonic acids serve multiple roles in the growth and nucleation 
mechanism (e.g., converting solid Cd sources into soluble precursor complexes and engaging in 
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facet selective binding on the surface of growing nanocrystals), it is non-trivial how varying 
phosphonic acid concentration affects nanorod growth. Here, we investigate how varying the 
amount of octadecylphosphonic acid (ODPA), trioctylphosphine (TOP), and trioctylphosphine 
oxide (TOPO) affects CdS nanorod growth. The latter two molecules act as both solvent and 
additional capping molecules for the nanorod growth. In addition, there exist small amounts of 
various short chain phosphonic and phosphinic acids as impurities in the technical grade TOPO 
[17] used in this experiment. The amount of CdO and S are fixed at 1 mmol and 0.5 mmols 
respectively for these studies. 
In equilibrium, increasing the amount of phosphonic acid favors the solvation of CdO to 
cadmium phosphonate, and shorter chain phosphonic acids are favored, forming short and long 
chain cadmium phosphonate. Subsequently, higher concentrations and shorter chain length of 
available cadmium phosphonate promote fast growth of CdS by reacting with TOP-S. Therefore, 
decreased amounts of added ODPA and increased amounts of TOPO may be expected to have 
qualitatively similar effects on CdS nanoparticle morphology as greater amounts of short-chain 




Figure 2.1: CdS nanorods after 15 minutes of growth using varying amounts of TOPO, TOP, 
and ODPA indicated in the quantity of grams, milliliters, and millimoles respectively. 
 As shown in figure 2.1, when 4 g rather than 2 g of TOPO is used for every 1 mmol CdO, 
varying the amount of ODPA from 1 mmol to 3 mmol results in decreasing aspect ratio of CdS 
nanorods with increasing amount of ODPA. Over the range of conditions examined here, this 
observation indicates that the role of ODPA or shorter chain phosphonic acids in shifting 
reaction equilibrium dominates their effects as coordinating ligands. When 2 g of TOPO is used, 
a wide distribution of morphologies and sizes of CdS are produced. For 2 g of TOPO and 1 
mmol of ODPA the formation of cadmium phosphonate is least favored within the range of 
concentrations examined here, and while a transparent and colorless solution is formed after 
several hours of agitation at 350°C the condensate remains brown indicating incomplete 
solvation of CdO. The uniquely low concentration of cadmium phosphonate in this case may 
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slow the formation of CdS favoring nucleation of zinc blende rather than wurtzite CdS [18]. 
Multipod structures are then formed as a result of wurtzite rod growth on zincblende nuclei. In 
the case of 2 g TOPO and 3 mmol ODPA, the equilibrium is shifted towards the formation of 
Cd-ODPA over other cadmium phosphonate complexes, and the cadmium precursor is highly 
concentrated in solution along with ODPA. Hence the long chain length of cadmium 
phosphonate and excess ODPA may slow the growth of CdS and in combination with high 
concentration makes it difficult to separate nucleation from growth, resulting in small and low 
aspect-ratio nanoparticles of wide size distribution. In between, the case of 2 g TOPO and 2 
mmol ODPA represents a previously used optimal condition which yields nanorods of the 
desired size albeit with many particles of undesirable size and morphology. Nanorods can be 
selectively purified from this ensemble due to their tendency to aggregate more easily than 
smaller sized (and smaller aspect ratio) particles, but the initial distribution of nanoparticle sizes 
resulting from continuous homogeneous nucleation causes Ostwald ripening to occur which 
further widens the size distribution over the growth period. This effect is also observable in the 
case of 4 g TOPO and 3 mmol ODPA, as further evidenced in figure 2.2 by an indistinct first 
excitonic transition peak in the absorption spectrum and a bimodal photoluminescence feature 




Figure 2.2: Absorbance and photoluminescence of CdS nanorods using 4 g TOPO and 3 mmol 
ODPA (a,b) or 2 mmol ODPA (c,d) as a function of growth time at 10, 15, 20, 30, 45, and 60 
minutes (a,b) and additionally 90, 120, and 150 minutes (c,d) at 330°C.  
 The high proportion of nanorods with narrow initial size distribution produced using 4 g 
TOPO and 2 mmol ODPA allows growth time to be varied to produce CdS nanorods of various 
length and width without widening the size distribution via ripening. As shown in figures 2.3 and 
2.4, the standard deviation of CdS nanorod dimensions does not increase up to 150 minutes of 
growth. In addition, the peak wavelength of photoluminescence shifts to lower energy along with 
increasing optical density at the first excitonic peak, indicating that a burst of nucleation occurs 
initially and is followed by growth of CdS on extant particles rather than continued 
homogeneous nucleation in solution. The high degree of uniformity in CdS nanoparticle size and 
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morphology is also indicated by the formation of aggregates after 45 minutes of growth. This 
strategy can provide a useful method to synthesize uniform nanorod seeds of varying size for 
DHNR formation. Varying the diameter of the CdS nanorods influences the degree of quantum 
confinement in CdSe grown on their tips, allowing one to tune the final emission wavelength of 
DHNRs. Varying the length influences the ensemble arrangement of DHNRs in thin films and 





Figure 2.3: Length and width (a) and wavelength of excitonic emission and absorbance at first 






Figure 2.4: TEM micrographs of CdS nanorods using 4 g TOPO and 2 mmol ODPA at various 
growth times at 330°C. 
Experimental  methods: 
CdS was synthesized as described in chapter 1 except the amount of added ODPA was 
varied between 1, 2, or 3 mmols, the amount of TOPO was varied between 2 g and 4 g, and the 
amount of TOP used for CdS growth was varied between 1.5 ml and 3 ml while keeping the 
amount of CdO and S fixed at 1 mmol and 0.5 mmols respectively. The growth time at 330°C 
was varied from 15 minutes as described in the text and aliquots taken at various time points for 






CONTROLLING ZINC SELENIDE SHELL GROWTH IN  
DOUBLE-HETEROJUNCTION NANORODS 
 
Influence of Heating Rate on ZnSe Growth 
The established scheme for synthesizing DHNRs involves adding purified CdS/CdSe 
nanorod heterostructures near room temperature to Zn-oleate and subsequently heating up the 
suspension while adding TOP-Se to grow ZnSe. However, it has been recently shown10 that 
metal oleates such as Zn-oleate etch CdS and CdSe at temperatures below the target ZnSe 
growth temperature of 300°C, forming Cd-oleate which reacts more readily with TOP-Se than 
does Zn-oleate. This competing reaction pathway causes the formation of CdSe rather than ZnSe 
during the shell growth step of established DHNR synthesis. This results in decreased 
photoluminescence quantum yield by preventing the formation of a passivating ZnSe shell, and 
decreased color purity by broadening the size distribution of emitting CdSe through both etching 
of CdSe on the tips of CdS and re-growth of CdSe on the side facets of CdS nanorods. 
In order to circumvent this issue, the heating rate used during ZnSe growth was increased 
from the established 20°C/minute in order to reduce the time that CdS/CdSe is exposed to Zn-
oleate at elevated temperature. First, the reaction was executed in a similar manner except the 
heating rate was increased to 40°C/minute and the rate of addition of TOP-Se was increased 
proportionally such that injection completed when the target temperature of 300°C was achieved, 
followed by annealing for 2 minutes at 300°C before terminating the reaction as established. 
Second, a high-temperature injection protocol was developed in which CdS/CdSe nanorod seeds 
were purified and then resuspended in room temperature TOP-Se and then swiftly added to Zn-
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oleate at 300°C (>200°C/second) followed by the same annealing procedure. Each protocol for 
ZnSe growth was executed using CdS/CdSe nanorod seeds of varying CdS size as determined by 
CdS growth time. Because CdSe growth was kept constant for all samples, the relative 
absorbance at the first excitonic feature of CdS and CdSe can also be used to indicate the length 
of nanorod seeds used. 
As illustrated in figure 3.1 and described in table 3.1, for CdS/CdSe seeds with greater 
relative length of CdS there is a significant improvement in PLQY and reduction in the full width 
at half maximum (FWHM) of emission as the heating rate used during ZnSe growth is increased. 
This effect becomes less pronounced when using seeds with smaller CdS, which indicates that 
the availability of CdS relative to CdSe plays a crucial role in the competing pathway of etching 
and regrowth. There is also a trend of higher PLQY for all heating rates as the size of CdS is 
decreased which may be due to enhanced electron-hole overlap in smaller nanocrystals as well as 




Figure 3.1: Absorbance and photoluminescence of CdS/CdSe nanorod seeds of varying CdS size 
(a) and DHNR using same seeds and varying rates of ZnSe shell growth (b). Numbers before 
each material component indicate qualitatively the amount of each component grown as 
described in the experimental methods. Photoluminescence was acquired by exciting at 380nm 

























20°/Minute 5.2 35 
40°/Minute 7.2 33 





20°/Minute 33.7 33 
40°/Minute 33.5 30 





20°/Minute 54.7 31 
40°/Minute 56.1 33 
>200°C/Second 53.1 31 
 
Table 3.1: Photoluminscent properties of DHNR using CdS/CdSe nanorod seeds of varying CdS 
size and for varying rates of ZnSe shell growth. Numbers before each material component 
indicate qualitatively the amount of each component grown as described in the experimental 
methods. 
As shown in figure 3.2, the overall size and morphology of DHNR does not vary 
drastically as a function of heating rate.  However, lattice fringe spacing can be used to identify 
regions of small and large lattice constant, indicating the location of CdS or ZnSe, and CdSe 
respectively. Mapping local lattice spacing via Fourier-filtered high resolution transmission 
electron microscopy (HRTEM) as illustrated in figure 3.3 indicates that when using long 
CdS/CdSe seeds and slow heating rate, significant amounts of CdSe form along the length of 
CdS away from the tips. These regions vary in size and some may be physically isolated from the 
CdSe tips. Each additional CdSe site on a DHNR, if unpassivated, may act as a trap site for 
nonradiative recombination, decreasing PLQY. In contrast, when using high-temperature 
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injection less side growth is observed on long CdS seeds, and different side growths exhibit 
lattice constants close to CdSe and ZnSe. For short CdS/CdSe seeds CdSe remains generally 
localized to tip sites regardless of heating rate. 
 
Figure 3.2: TEM micrographs of DHNR using CdS/CdSe nanocrystal seeds with a CdS/CdSe 





Figure 3.3: HRTEM micrograph, Fourier transform, and Fourier-filtered image of DHNR using 
CdS/CdSe nanocrystal seeds with a CdS/CdSe absorbance ratio of 4.5 (a-h) or 3.2 (i-p) and 




Influence of ZnSe Amount on DHNR Photoluminescence 
 The growth of passivating shell materials on nanoparticle cores has been studied 
extensively for CdSe quantum dots, and has been optimized to form type-I core-shell quantum 
dots with reduced blinking and up to 97% PLQY [19,20] and dot-in-rod structures with up to 
100% PLQY [1]. When considering core-shell heterostructures, one or a few monolayers of wide 
bandgap shell material is generally sufficient to reach a maximum PLQY beyond which there 
exist diminishing returns to PLQY with shell thickness. However, the case for DHNRs is more 
complex. It is important to optimize the extent of ZnSe growth to passivate the surface of CdSe 
without etching and regrowing CdSe as discussed previously, and without forming an extensive 
type-II interface between CdS and ZnSe which would separate electron-hole pairs [4,21] and 
offer a pathway for exciton decay [12,13] which competes with radiative recombination in CdSe. 
In addition, electronically accessible CdS plays a critical role in electron injection in DHNR 
LEDs while ZnSe blocks electron injection. 
 CdS/CdSe seeds of various sizes were used to form DHNR using the high-temperature 
injection protocol of ZnSe shell growth. CdS size was varied by adjusting the growth time, 
denoted “1CdS” for the smallest CdS and “3CdS” for the largest as described in the experimental 
methods. The amount of ZnSe grown was adjusted by scaling the amount of Zn and Se 
precursors proportionally, with “1ZnSe” corresponding to the amount used in the established 
procedure and “2ZnSe” and “3ZnSe” being two and three times the amount respectively. As 
shown in figure 3.4, when the thickness of ZnSe is increased, the PL peak of DHNRs blueshifts 
and decreases in PLQY. The trend in both properties is similar when using CdS/CdSe seeds of 
varying size as defined by the emission wavelength of the initial CdS nanorod seeds, although 
the peak position of DHNR emission is proportional to that of CdS, and PLQY is higher overall 
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for seeds of smaller size as discussed previously. As evidenced in figure 3.5, there is a high 
degree of ZnSe growth on the side facets of CdS as the amount of ZnSe grown is increased for 
all CdS/CdSe seed sizes. The shift of emission to higher energy with increased ZnSe may be 
explained by a variety of mechanisms as discussed in chapter 1, namely alloying of CdSe to 
CdxZn1-xSe, compressive strain on CdSe by ZnSe of smaller lattice constant, or type-II emission 
between CdS and ZnSe. As shown in figure 3.6 there is a significant increase in the amount of 
ZnSe grown on CdS, hence the blueshift and decrease in quantum yield of photoluminescence 
may be best explained by enhanced type-II charge separation and recombination. Time-resolved 
photoluminescence measurements may clarify whether this is the case due to characteristic decay 






Figure 3.4: Absorbance and photoluminescence of DHNR with first CdS excitonic feature at 
446 nm and varying amounts of ZnSe shell growth (a); Photoluminescence quantum yield (b) 
and peak excitonic wavelength (c) of DHNR as a function of the amount of ZnSe shell growth 
for CdS/CdSe seeds with the first CdS excitonic transition at a variety of wavelengths. 
Photoluminescence was acquired by exciting at 443 nm and is normalized to the absorbance at 




Figure 3.5: TEM micrographs of DHNRs using varying sizes of CdS nanorod seed and varying 
thickness of ZnSe shell. Numbers in front of each component indicate proportionally the amount 




Optimized Double-Heterojunction Nanorods 
Given the dependence of the final emission wavelength of DHNRs on the initial CdS 
nanorod diameter as well as the extent of ZnSe growth, and the dependence of PLQY and 
FWHM on the rate of ZnSe growth, it is possible to tune the photoluminescence of DHNRs in 
the region of green to orange color with high quantum yield and high color purity.  
As shown in figure 3.6 and listed in table 3.2, following the high-temperature injection 
protocol results in DHNRs with peak photoluminescence spanning 575nm to 609nm with PLQY 
up to 68% and FWHM as low as 25nm. These significant improvements over results of the 
established protocol are made possible by enhanced control over DHNR size, uniformity, and the 
position of each component within the nanoparticle. The size and aspect ratio of CdS nanorod 
seeds can be used to enhance quantum confinement of the CdSe tips, and increased amounts of 
ZnSe can be used to increase the bandgap of CdSe via either alloying or compressive strain, 
resulting in visibly green emission. The combination of small CdS seed size, the prevention of 
etching and regrowth of CdSe, and optimal surface passivation by ZnSe can be used to increase 
PLQY from <50% up to 68%, and even for DHNR emitting in the orange to red region of the 




Figure 3.6: Normalized photoluminescence profiles of champion DHNRs. 
Peak Wavelength (nm) PLQY (%) FWHM (nm) 
575 34 38 
591 68 30 
609 51 25 
 
Table 3.2: Photoluminescence properties of champion DHNRs. 
 
Experimental  methods: 
Rate of ZnSe heating and growth: 
CdS was synthesized as described in chapter 2 for the case of 4 g TOPO, 3 ml TOP, and 
2 mmol ODPA, except scaled up 1.5x, using 1.5 mmols CdO, 3 mmols ODPA, and 6 g TOPO. 
CdS was synthesized using 4.5ml 0.0167 M TOP-S and grown for 15 minutes. CdSe was then 
grown on CdS using 1.5 ml 0.25 M TOP-Se. The size of CdS/CdSe nanocrystal seeds was varied 
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by adjusting the growth time of CdS between 10 minutes (“1CdS”), 20 minutes (“2CdS”), and 30 
minutes (“3CdS”). 
Zn-oleate was prepared as described in chapter 1 except at 0.5x batch size. The heating 
rate used during ZnSe growth was varied between 20°C/minute, 40°C/minute, and 
>200°C/second, and one third of the CdS/CdSe seeds described above were used for each 
heating rate such that the amount of seeds corresponded to 0.5x of the batch size described in 
chapter 1. For the rate of 20°C/minute the procedure was as described in chapter 1 using a 60 W 
heating mantle. For the rate of 40°C/minute a 180 W heating mantle was used instead and the 
injection rate of TOP-Se increased to 40 ml/hour. In each case 1 ml of 0.5 M TOP-Se was used. 
For the rate of >200°C/second, Zn-oleate was prepared as described in chapter 1. Instead 
of resuspending CdS/CdSe seeds in chloroform, the purified pellet was brought into a nitrogen 
glovebox and resuspended in 1ml of 0.5 M TOP-Se. The temperature of the Zn-oleate mixture 
was raised to 300°C and the suspension of CdS/CdSe in TOP-Se was then swiftly injected into 
the Zn-oleate mixture. The temperature recovered to 300°C within 30 seconds, after which 
CdS/CdSe/ZnSe was formed by holding the temperature at 300°C for 2 minutes. The mixture 
was then cooled to room temperature and stored in air for later use. 
Amount of ZnSe growth: 
CdS/CdSe nanocrystal seeds were synthesized as described previously. The size of CdS/CdSe 
nanorod seeds was varied by adjusting the growth time of CdS between 10 minutes (“1CdS”), 30 
minutes (“2CdS”) and 120 minutes (“3CdS”).  
All CdS/CdSe/ZnSe DHNR were synthesized by following the >200°C/second high-temperature 
injection procedure described previously in this chapter. The degree of ZnSe growth was varied 
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by changing the amount of Zn(Ac)2:OA between 1:4 mmols (“1ZnSe”), 2:8 mmols (“2ZnSe”), 
and 3:12 mmols (“3ZnSe”). The amount of Se was varied proportionally and the amount of ODE 
and TOP held constant at 6ml and 1ml respectively. The concentration of TOP-Se used for ZnSe 
growth was therefore varied between 0.25 M (“1ZnSe”), 0.5 M (“2ZnSe”), and 0.75M 
(“3ZnSe”). 
Champion DHNRs: 
DHNRs with visibly green photoluminescence at 575nm were synthesized by growing 
CdS nanorods using 4 g TOPO and 1 mmol ODPA for 15 minutes as described in chapter 1, 
resulting in CdS with peak photoluminescence at 451nm, and CdS/CdSe with peak 
photoluminescence at 508nm. ZnSe was grown following the high-temperature injection 
procedure using 2 mmols Zn(Ac)2, 8 mmols OA, 12 ml ODE, and 3 ml 0.5M TOP-Se. 
DHNRs with photoluminescence at 591nm were synthesized as above except using 2 
mmol ODPA for CdS growth, and 1 ml 0.25M TOP-Se for ZnSe growth. 
DHNRs with photoluminescence at 609nm were synthesized according to the established 
procedure for CdS/CdSe seed growth as described in chapter 1, and according to the high-







In conclusion, we have demonstrated how synthetic conditions used to grow each 
component of CdS/CdSe/ZnSe DHNRs affect their morphology and composition, and how this 
enhanced understanding can be used to produce DHNRs with improved performance. The 
interaction of the many variables that describe the synthesis and properties of anisotropic 
nanoparticle heterostructures can be complex, involving chemical and electronic interactions that 
serve multiple and sometimes competing roles. The system described here warrants further 
study. In particular, while local optimal conditions have been identified, there likely exist other 
optimal conditions in between or outside the range of variables studied thus far. The effects of 
DHNR size and aspect ratio, and the role of each material component further serve other 
purposes within device architectures, and what is optimal for nanoparticles in suspension is 
generally, but not necessarily, optimal when used in devices. 
In this study, both the length and diameter of CdS were shown to have important effects 
on resulting DHNRs. At present, it is difficult to decouple each dimension from one another; the 
aspect ratio is not identical, but is similar for CdS nanorods of different size synthesized under 
conditions that also result in a narrow distribution of size and morphology. More work should be 
done to enhance control over these properties. In addition, more work should be done to 
understand the competing effects of ZnSe and CdSe growth, the extent of alloying and strain, 
and the role of the CdS/ZnSe interface. As of yet it is unclear exactly how charge separation and 
recombination occur at this interface in the presence of CdSe. Photoluminescence lifetime 
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